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Abstract. Structural health monitoring (SHM) systems based on time-series data are pivotal
tools for assessing the safety and serviceability of bridges. However, the lack of large-scale
and diverse datasets often leads deep learning (DL) models to overfitting and poor
generalization. This study proposes a comprehensive damage detection framework that
simultaneously addresses both data and model aspects. On the data side, we employ data
augmentation (AUG) techniques—including noise injection, sequence reversal, flipping, and
window slicing—to expand and diversify the training set. Regarding the proposed
methodology, we established a hybrid deep learning framework that integrates One-
dimensional Convolutional Neural Networks (IDCNN) with Bidirectional Gated Recurrent
Units (BiGRU). In this architecture, the IDCNN layers are responsible for mining local
features from raw time-series inputs, while the BiGRU layers specialize in capturing long-
term temporal dependencies in both directions. The efficacy of this approach was verified
using the Cua Rao steel truss bridge dataset. The experimental outcomes reveal that the data-
augmented hybrid model significantly outperforms standalone baselines, achieving an
accuracy of 93.9%. This is a substantial improvement over the individual IDCNN (84.2%)
and BiGRU (83.8%) models, demonstrating faster convergence and high stability for SHM
applications.
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Tém tit. Trong cong tac quan ly chit luong cau, cic giai phap theo ddi stre khoe cong trinh
s dung dir liéu blen thién theo thoi gian giit vi tri trong yéu. Mic du vay, sy khan hiém
nguon dit liéu mau 16n va phong phii thuong khién cac thuat toan hoc sdu roi vao tinh trang
hoc vet (overfitting) ciing nhu han ché kha ning thich ‘nghi. Bai bao nay gidi thiu mot chién
lugc toan dién nham giai quyét song song bai toan vé dit liéu va mo hinh. Vé khia canh dit
liéu, ching toi trién khai phuong phap 1am giau di liéu thong qua cac ky thuét nhu nap nhiéu,
dao nguoc chudi, 1at va trich xuat cira s6 dé da dang hoa khong gian mau. Vé khia canh thuat
toan, nghién ctru xay dung kién trac lai ghép giira Mang no-ron tich chdp mot chiéu chiu
trach nhiém khai thac dac trung cuc bg, va Mang hoéi quy cong hai chiéu chuyén biét trong
viéc nam bt cac quy ludt phu thudc dai han. Kiém nghiém thyc té trén cau gian thép Cua
Rao cho thay, mo h}nh lai tich hgp AUG dat hi€u nang vuot trdi véi do chinh xéc 93,9%. Két
qua nay cao hon han so voi cac mé hinh co so doc lap nhu IDCNN (84,2%) hay BiGRU
(83,8%), dong thoi minh ching dugc toc dd hdi tu nhanh va tinh 6n dinh cao trong ting dung
SHM.

Tir khéa: Giam sat stcc khoe két cdu, hoc sau, mang no ron tich chap mot chiéu, mang don
vi hoi quy c6 cong hai chiéu, k¥ thuat ting cuong dir li¢u.
@ 2025 Truwong Pai hoc Giao théng van tdi

1. PAT VAN PE

Trong mang ludi giao thong, cau 14 cong trinh giit vai trd huyét mach giap két ndi cac khu
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vuc bi chia cat boi dia hinh ty nhién nhu song ngoi hay thung ling. Su hién dién cua cac cong
trinh nay khong chi la dong lyc cho phat trién kinh té thong qua viéc luu thong hang hoa ma
con cai thién dang ké doi sdng xa hoi. Mic du vdy, trong qua trinh khai thac, két cdu cau lién
tuc chiu anh huong boi tai trong xe chay va sy xam thyc tor moi truong (bién thién nhiét do,
gi6, 46 am). Nhitng tac nhan bat loi nay la nguyén nhén chinh dan dén su suy giam chit luong
cong trinh, giy ra cac rai ro vé an toan va thiét hai kinh té [1], [2]

SHM la mét hé thong cong nghé toan dién dung dé theo ddi va danh gia tinh trang an toan
va hiéu sudt ctia mot cong trinh theo thoi gian thuc hodc dinh ky [3], [4], [5]. H¢ théng nay bao
gom viée lap dit cac loai cam bién khac nhau én cong trinh (vi du: cau, toa nha, dap thuy dién)
dé thu thap dir liéu vé cac thong s6 nhu: bién dang va tmg suit, dao dong va gia tdc, nhiét do,
chuyén vi thong qua dit liéu chudi thoi gian.

Dir liéu chudi thoi gian dugc dinh nghia la tap hop cdc dir liéu quan sat dugc sap xép theo
trinh tu thoi gian, trong d6 mdi gia tri gan lién vi mot moc thoi gian xdc dinh. Loai hinh dir
lidu nay co tinh tng dung da dang, trai dai tir tai chinh, khoa hoc dén k¥ thuat cong trinh. Tuy
nhién, trong diéu kién van hanh thuc té, dir liéu thu thap tir hé théng quan trac thuong xuyén
d6i mat v6i van dé khuyét thiéu. Nguyén nhan chu yéu xudt phat tir hu hong cam bién, gian
doan dudng truyén hoic 161 phan mém. Hé qua la dan dén sai léch trong phan tich va gian doan
giam sat; ddc biét trong linh vuc SHM, sy thiéu hut thong tin tai cac thoi dlem t61 han co thé
1am b6 sot cac hu hong nguy cap. Do d6, viéc tai tao dir liéu bi mat 1a yéu cau tién quyét dé
dam bao do tin cdy cua hé théng. Hién nay, cac mo6 hinh Hoc sau (DL) da noi Ién nhu mét giai
phép wu viét dé xir Iy hiéu qua cac chudi thoi gian phtc tap nay [6], [7].

DL I1a mét phan nhanh chuyén séu cua hoc may, van hanh dya trén kién tric mang no-ron
da 16p nham giai quyet cac cau truc dit lidu phi tuyén. Nho co ché ty trich xuat dic trung tir dir
liéu goc, DL d4 khang dinh uu thé vuot troi trong phan tich chudi thoi gian, dic biét vai cac tap
dir liéu quy mo6 16n [8], [9]. Trong do, mang no-ron tich chap mot chiéu (IDCNN) va mang hoi
quy Gated Recurrent Unit hai chiéu (BiGRU) duoc danh gia 1a nhimg kién trac ti wu dé xur Iy
hiéu qua céac bai toan vé dit liéu chudi thoi gian.

Mang no-ron tich chap mot chiéu (IDCNN) 1a kién trac chuyén biét duoc xay dung dé xir
Iy dit liéu dang chudi hodc cau triic mot chidu [10]. Thong qua co ché loc tich chap, thuat todn
nay tu dong trich xuét cac dic trung cuc bd, mang lai hiéu qua cao trong nhan dién mau va phan
loai [11]. mét bién thé tdi vu ctia mang no-ron hdi quy (RNN), duoc phat trién nham ning cao
hiéu suét xu ly chudi so v6i cac phuong phap RNN kinh dién Stric manh cua BiGRU nam &
kha ning ndm bt ngit canh toan dién nhd co ché lan tmyen thong tin theo hai chiéu thoi gian
[12], [13]. Tuy nhién, IDCNN gép han ché trong viéc nam bit cac m01 quan hé¢ phu thudc dai
han trong chudi, mot han ché ma kién tric BiGRU c6 thé khac phuc t6t nho kha ‘nang xem xeét
ca ngir canh qua khir va twong lai cua dir liu. Nguoc lai, BIGRU ton tai nhugc diém vé do phic
tap thuat toan va yéu cau tai nguyén tinh toan 1én hon cac mé hinh mot chleu nhét 1a voi bo dir
liu 16n. Thém vao do, kha nang song song hoa thap gay tré ngai cho toc do huan luyén va mo
hinh nay khong tdi uu cho dit liu phi tuan ty.

bé khic phuc cac han ché riéng 1¢ cia IDCNN va BiGRU, nghién cuu dé xuit mé hinh
két hop IDCNN-BIGRU véi k¥ thuat ting cudng dir liéu (AUG) nham tan dung vu diém cia
ca hai va ning cao kha ning khai quat. Trong d6, IDCNN déng vai tro b trich xuit dic trung
cuc bd manh mé, 1am ndi bat cac mau tin hiéu hitu ich va giam nhidu nén; BiGRU tiép nhan
chudi déc trung nay va mo hinh hoa phu thudc dai han theo hai chiéu, gitip nim bét dong luc
tin hiéu 6n dinh hon. Trudc khi hudn luyén, AUG dugc ap dung dé mé rong va da dang hoa dix
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lidu, bao gdm thém nhidu, ddo nguoc/lat, cit ghép cira sd. Su phdi hop nay gitip mo hinh héi tu
nhanh hon, it qua khc’rp, va du doan chinh xé&c hon, dac biét trong bai toan phat hi¢n bat thuong
tur tin hi¢u cam bién trong hé thong SHM.

Bai viét nay dugc cdu trac thanh nam phan chinh, nhu sau: Ngoai phan gidi thiéu ban dau,
phan thtr hai dwa ra mo ta vé mo hinh don 1é 1DCNN, BiGRU va mé hinh két hgp 1DCNN-
BiGRU. Phan thir ba cung cép thong tin vé cau Cira Rao, cach md phong bang mé hinh sb cling
v6i cach tién xir 1y dir liéu dugc st dung trong nghién ctru. Phan thir tu trinh bay két qua thu
duoc tir nghién ciru. Phan cudi cung tom tit nhitng phat hién va két qua chinh cua nghién ciru.

2. PHUONG PHAP
2.1. Mang no-ron tich chip mét chiéu — IDCNN

Mang 1DCNN 1a cong cu dic lyc trong xtr Iy dit liéu tudn ty, duoc ing dung rong rii trén
cac linh vyc nhu nhén dang giong noéi, xir Iy tin hiéu 4m thanh va chan doan 13 trong chudi thoi
gian [14]. Thong qua viéc van dung cac 16p tich chép va 16p gop, IDCNN thue hién co ché hoc
va trich Xuat cac ddc trung quan trong tur dir liéu mot chiéu, hd trg nhan dién cac mau hinh phirc
tap va tdi uu hoa hiéu suat trong cac nhiém vu phén loai va dy bao.

Hiéu qua van hanh ctia mé hinh IDCNN xuét phat tir viéc thuce thi cac phép toan gian lugc
hon so v6i céc tinh toan ma tran phuc tap, gitp giam thiéu dang ké thoi gian xur 1y. Tuy nhién,
dé phat huy t6i da tiém ning, IDCNN yéu cau tap dir liéu huan luyén quy mo 16n. Pong thoi,
viéc hiéu chinh céc siéu tham s6 nhu kich thudc bd loc, sd lugng 16p tich chap va ham kich
hoat dong vai tro then chét trong viéc dam bdo do chinh xéc ctia mo6 hinh [15].

2.2. Mang don vi hdi quy cé cong hai chiéu — BiGRU

Mang GRU d¢ xuit boi Cho va cic cong su va phét trién thém boi Chung va cac cong su
[16] nham giam hién tuong vanishing gradient trong cac mang RNN bang co ché "cong" gon
nhe hon LSTM. Khéc v&1 LSTM, GRU khong ¢6 trang thai cell riéng; toan bg thong tin dugc
luu trong trang thai an h, va luéng thong tin dugc diéu tiét boi hai cong: céng cap nhat z, (két
hop vai tro "quén" va "ghi") va cong dat lai ry (quyét dinh mirc ¢ "quén" trang thai qua khu
khi trich xuét dic trung méi). Co ché cong ctia md hinh duoc tinh nhu sau:

zy = o(W,x¢ + Uzhy_; +b,), (D

r, = o(W.x; + Uche_; + by), )

hy = tanh (Wyx¢ + Uy (ry © he_y) + by) 3)
hy=(1-2)Ohey +2,Ohy 4

Trong d6, X, 12 dau vao tai thoi diém t, o(+) 1a sigmoid, © 1a nhan Hadamard. z, diéu chinh
mirc gitr lai thong tin cii ( z; nho) hay ghi de bang thong tin mai ( z; 16n); re ki€m soat murc tai
sir dung trang thai qué khr khi tinh hy.

C6 thé thay, GRU c6 it tham s hon LSTM, huén luyén nhanh hon, d& qua khép hon khi
dir liéu han ché, nhung vin mé hinh hoa dugc phu thudc dai han nho co ché cong [17]. Tuy
nhién véi cac chudi rat dai hodc kién trac rat sau, GRU van c6 thé chiju anh hudng suy giam
gradient; khi d6 BIGRU nbi 1én nhur mot phwong phép thay thé méi.

BiGRU 14 bién thé hai chiéu cua GRU, xtt Iy chudi theo ca chiéu tién va chiéu lui dé khai
thac dong thoi nglr canh qua khur 1an tuong lai gan tai moi thoi diém t. Moi nhanh (tién va lui)
dung hai cong cap nhat z; va dat lai ry nham gidm bién mat gradient va duy tri thong tin dai han
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v6i sb tham sé gon hon LSTM. Véi nhénh tién Ht, cac cong sé& hoat dong y hét GRU va nhanh
1ui hy duoc tinh twong tu theo trat ty thoi gian dao nguoc. Dau ra tai thoi diém t 1a phép nbi hai
trang thai an:

he = [Ht; Ht] (5)

Nho khai théc ngit canh hai chiéu, BiGRU biéu dién tot phu thudc dai han va cac mo thic
thoi gian dich chuyén, hitu ich cho tin hiéu dao dong/bién dang. Khi dit sau IDCNN, IDCNN
trich xut dic trung cuc bo con BiGRU mo6 hinh hoa ddng luc toan cuc, tir d6 taing do chinh xac
phan loai hu hong va d6 6n dinh huén luyén.

2.3. Mang hoc sau dé xuit IDCNN-BiGRU va ky thuit ting cwong dir liéu-AUG

Tuy c6 nhiéu wu diém va duoc hitu dung trong cac bai toan vé SHM, cac mang don 1é van
khong tranh duoc cac han ché. Mang 1DCNN thé hién nhuoc diém ¢ kha niang nam bat mbi
quan hé phu thudc dai han cua dir liéu cam bién, vén rat quan trong dé xac dinh cac thay doi
tinh vi va tich lily theo thoi gian. Mang BiGRU khac phuc han ché ciia IDCNN bang cach xir
ly dir licu chudi theo ca hai hudng, cho phép mo hinh nim bét hiéu qua mbi quan h¢ phu thude
dai han va cac ddu hiéu hu hong tinh vi. Tuy nhién, kién trac tuan ty ciia BiGRU dan dén toc
dd xtr Iy cham hon dang Kké, gy kho khan cho viéc huén luyén vai cac b dir licu 16n va phtic
tap.
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Hinh 1. Kién tric mang ciia m6 hinh dé xuat.

Dua trén nhitng phan tich vé uu nhugc diém da néu, nghién ciru nay dé xuét kién triic mang
lai ghép 1DCNN-BiGRU tmg dung cho bai toan chan doan hu hong trong SHM, nham khai
thac tdi wu strc manh cong hudng cua ca hai mo hinh. Trong co ché nay, ting IDCNN déng vai
tro trich xut ty dong cac dic trung cuc bd tu tin hiéu cam bién tho, tao tién dé cho ting BiGRU
tiép nhan va phén tich cac phu thuge phi tuyen dai han theo tryc thoi gian. Su phdi hop nay cho
phep hé thong dong thoi nhan dién cac bién dong vi mo tirc thoi va nam bat cac quy luét bién
d6i vi mo cua két cau, qua do cai thién dang ké do chinh x4c va tinh tin cdy cta két qua chan
doan. Cau truc chi tiét ciia mé hinh dé xuat duoc minh hoa truc quan tai Hinh 1.

1285



Tap chi Khoa hoc Giao thong van tai, Tap 76, S6 09 (12/2025), 1281-1295
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Hinh 2. K¥ thuéat ting cudng di liéu - AUG.

Cit ghép cira sb {

Hon nita, dé cai thién dit liéu chung to1 dé xuat ky thuat tdng cuong dir licu AUG gém lat
dao chudi, thém nhidu ngiu nhién va cit ghép cira s6. Ba thao tac nay gitip mé rong va da dang
hoa tap hudn luyén, ting bén viing trude nhidu, giam qua khép va cai thién kha niang khai quat
ctia mo hinh.

Uu diém ndi bat cia mo hinh nay nam & kha nang tich hop hiéu qua gitra cac khéi chirc
nang. Ky thuat AUG duoc sir dung trong giai doan tién xu 1i dir lidu dé lam phong phu tap dir
liéu hu hong (thuong 1a dir liéu hiém), tir d6 nang cao tinh tong quat hoa va giam thiéu nguy co
qua khop. Tiép theo, mang 1DCNN dam nhén vai trd trich xut cac dic trung cuc bo va bat
bién theo thoi gian, ddc biét hiru ich trong viéc nhan dién cac dau hiéu nho hodc dot ngot. Sau
d6, khéi BiGRU xir Iy cac dic trung nay dé ndm bat cac quan hé phu thudc dai han va ngit canh
hai chiéu, cho phép mo hinh hiéu duge su phat trién cta hu hong theo thoi gian thay vi chi dua
vao mot diém dir liéu don 1¢. Nho sy két hop nay, mo hinh IDCNN-BiGRU va k¥ thuat AUG
c6 kha nang hoc cac mau dit liéu phic tap, xac dinh su twong tac giita cac dic trung cuc bd va
nam bat hiéu qua cac xu hudng theo thoi gian, tir 46 nang cao d6 chinh xac trong viéc phat hién
hu hong.

3. THONG TIN VE BQ DU LIEU
3.1. Gi6i thiéu chu Cira Rao

Céu Cira Rao ndm tai Km360+450, huyén Vii Quang, tinh Ha Tinh (Hinh 3), bac qua song
Ngan Sau va thudc tuyén duong sit Bac—Nam, dua véao sir dung nam 2013. Cau gdm ba nhip
gian don bang thép: hai nhip gian thép dai 66,4 m va mot nhip dam thép chir I dai 32m. Hé chiu
Iyc chinh 1a gian tam giac - dang két cdu pho bién & cac cau duong sat Viét Nam. Mit cat ngang
rong 8.8 m, b tri hai 161 di b hai bén (mdi bén 2,2 m) va mot dudng sat don rong 4,8 m [18].
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Hinh 3. Cau Ctra Rao, Ha Tinh.

3.2. M hinh phan tir hitu han —- FEM

Céc thanh gian c6 hinh dang va kich thudc da dang, gdm chin nhom mat cat dugc lya chon
theo chtrc ning lam viéc. Do toan bd nhip déu 14 nhip gian don, nghién ciru nay chon mét nhip
gian thép - hé chiu lyc chinh - lam d6i twong mo phong va chan doan. Chiing t6i s& str dung
phan mém Matlab véi hop cong cu Stabil dé xay dung mo hinh phan tir hitu han cua ciu gian
thép Cira Rao. M6 hinh nay sé& str dung cac phéan tir dam véi mdi nit ¢6 sau bac tu do (DOFs),
lién két tai ntt gia thiét cung. Truc X dai dién cho hudng doc cAu, truc Y 1a huéng ngang cAu,
va tryc Z 14 huéng thang ding. Cac gbi cau dugc mod phong bang cach sir dung ca gdi ¢b dinh
va gdi di dong. Nhip ciu dugc mod phong bang vat lidu thép véi modun dan hdi Young
2x10™" N/m?, khéi luong thé tich 7850 kg/m? va hé sb Poisson bang 0,3.

400

Hinh 4. M hinh FEM cAu Cira Rao.

Pé dam bao mé hinh sb co thé dai dién chinh xé4c cho cay cau that, can phai cap nhat mo
hinh dua trén dir li¢u do dac thuc té [19]. Cac thong s6 sau khi cap nhat mo6 hinh dugc thé hién
¢ bang 1. M6 hinh cudi cung gém 53 nut va 143 phan tir dugc the hién trong hinh 4.

1287



Tap chi Khoa hoc Giao thong van tai, Tap 76, S6 09 (12/2025), 1281-1295
Bang 1. Cac két qua sau khi c4p nhat mé hinh [19].

Mode Tan s riéng (Hz)
Po dac Trudce khi cap nhat Sau khi cap nhat
1 2,016 2,068 2,016
2 4,232 4,392 4,315
3 4,915 4,652 4,527
4 6,271 6,753 6,507
5 7,721 9,691 8,371

3.3. Tién xir li dir liéu

bé thu duoc dit liéu dao dong phuc vu chan doan hu hong, nghién ctiru cAn mot nguén kich
thich dong luc hoc dugc kiém soat 1a doan tau c6 3 truc cach nhau Sm, c6 tai trong 15kN & 2
truc dau va 10kN & truc cudi. Viée str dung mot tai trong khong ddi 1a dé tao ra mot moi truong
¢6 kiém soat, dam bao rang sy khac biét trong tin hiéu giita cac kich ban 13 do hu hong gay ra,
cho phép so sanh hiéu ning ctia cic md hinh mét cach cong bang.

Tau c6 khoang cach so v&i dau cau 1a 30m, van tdc chay 1a 100km/h va tan s6 1dy mau 1a
500Hz, luc xung kich tdc dong 1én cau la S00kN, so lan xe chay ctia phuong tién trén cau bang
8. Co tat ca 28 cam bién gia toc 4o dugce su dung dé trich xuat ket qua la gia toc, chuyén vi theo
thoi gian s€ duogc dit tai cdc mat cat dac trung, trong d6 moi cdm bién s€ thu 50000 diém dix
li¢u. Mot vi du ve dir li€u thu dugc tai 1 cam bién 4o theo thoi gian thé hién trong hinh 5.

0.0025 Dif liéu tho thu duroc tir cu Cira Rao ) .
30052 W e — oo - — S — B — i
0,005 P — SR RS SR HeRe N
-0.005 | “
0,005
/005 (et — SO S S R
0,0025

00025
D 005 ¢
-0.005 |
0,005
-0,005
0,0025
-0,0025
0,001 |
-0,001
0,001
-0,001

0,0025
-0,0025

o 00 2000 3000 4000 5000
Diém di¥ liéu

Hinh 5. D@r liéu tho thu dugc ttr cam bién ctia cAu Cira Rao.

Trong nghién ciru nay, 11 kich ban hu hong duoc thiét l1ap (bang 2);0 mdi kich ban, phan
tir va muc d6 hu hong duoc gan nhén cu thé. Hu hong dugc md phong bang cach giam do cung
ctia phan tir bi anh huong. Vi du, “hu hong 20% tai phan tir 2” nghia 1a modun dan h01 (E) cua
phan tir d6 giam 20%. Su suy giam d¢ cing nay lam thay d6i 16 rét dap ung két cdu dudi tai
trong dong. Cach tiép can nay phan anh thuc té cac co ché hu hong nhu ntt, n mon, qué tai,
v6n déu 1am giam do cimg cuc bo, kéo theo suy giam kha nang chiu lyc va bién ddi dic trung
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dao dong (tan sb riéng, dang dao dong). Muyc tiéu chinh cua nghién ctru la so sanh hi¢u nang
ctia kién trac dé xudt voi cac mo hinh nén tang. Do do, viéc sir dung cac kich ban hu hong dugce
xac dinh trudce va rd rang nhu trén 1a can thiét dé tao ra mot co s& nhét quan cho viéc danh gia
va dam bdo tinh cong bé“mg. Tu 11 kich ban nay, bd dir liéu ban dau thu duoc tir mo hinh s& ¢6
dang (11, 28, 50000).

Béng 2. Cac kich ban hu héng dugc thiét lap.

Nhén 0 1 2 3 4 5 6 7 8 9 10
Phan tir 0 1 2 3 4 5 6 39 40 41 42
Hu hong (%) 0 10 20 30 40 30 10 20 10 30 10

Sau d6, chung t6i tién xu 1y dit liéu bang ki thuat AUG va chia nhé. Pau tién, dit liéu duoc
tang cudng dir liéu nham mo rong quy mo va da dang, bit chudc cac yéu t tac dong trong thuc
té cling nhu khic phuyc tinh trang thiéu hut dit liéu, véi cac k¥ thuat: 1at, dao nguoc, thém nhiéu,
cit ghép cira s6. Bo dir liéu ban dau duoc mé rong tir (11, 28, 50000) thanh (44, 28, 50000) sau
khi ap dung AUG. Tiép theo, chiing toi tién hanh chia nho doan di liéu dai 50000 thanh 10 tap
dir liéu c6 do dai 5000, do do tap dir liéu AUG sau khi chia nho (Hinh 6) s€ ¢6 dang (1232 =44
x 28, 10, 5000).

Di? lieu tang cwéng sau khi chia nhd
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e D e o e e . bt i
0,005

11— e o L ot e e el

I e e T i |
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-0:005
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0,005 |

LT T i etk e ——
_3:882 T

0,005
BT e e T _
8382 Ak b i e At e L et s et e

0 1000 2000 3000 4000 5000

Biém di¥ lidu
Hinh 6. Dit liéu sau ting cudng va chia nho ciia cau Cira Rao.
Cudi cung, tap dir liéu nay s& duoc chia thanh 2 tap dit liéu (huan luyén va kiém thtr) véi

ty 1€ 80:20 dé dua vao huin luyén, do do tap huin luyén c6 dang (985, 10, 5000) va tap kiém
thur c6 dang (247, 10, 5000).

4. KET QUA VA PANH GIA

Trong muyc ndy, bai bao trinh bay két qua cia mé hinh dé xuat va phan tich sau hiéu ning
ciing nhur d6 chinh xac ctia mé hinh két hop IDCNN-BiGRU v6i ki thuat AUG. Dé c6 cai nhin
khach quan va toan dién, mé hinh két hop duoc so sanh voi hai mé hinh DL truyén théng khac
gdm 1DCNN va BiGRU. Pay déu 1a cac kién triic mang ph bién, da chimg minh hiéu qua ¢
nhiéu bai toan chudi thoi gian. Toan bd qua trinh huén luyén duogc thuc hién trén méy tinh véi
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cAu hinh Windows 11 64-bit, CPU Intel Core i9- 13900HX, RAM 16GB, va GPU RTX GeForce
4060, VRAM 8GB. Moi truong 1ap trinh su dung Python 3.10.13 va thu vién TensorFlow
2.10.0. Cac tham s6 cia mo hinh d& xuét duoc thé hién & bang 3.

Bang 3. Bang tong hop siéu tham s6 cia mé hinh IDCNN-BiGRU.

Tham s6 Gia tri Lép ép dung Chtic nang
n_filters 512 Conv1lD S6 luwgng bo loc (dac trung) ma 16p CNN hoc.
kernel size 8 ConvlD Kich thudc cta ctra s6 trugt dé thuc hién tich chap.
Activation ReLLU ConvlD Ham kich hoat sau lop IDCNN
MaxPooling1 D 2 ConvlD Giam chiéu dit liéu va trich xuét cac dic trung
n_units 64 BiGRU S6 luong don vi (nat) trong mdi 16p BiGRU.
dropout_rate 0.5 Spatiaé]i)écl)%:)[cj)utlD, Ty 1é loai bo cac két nbi dé chdng qua khép.
optimizer Adam model.compile Thuét toan toi uu hoa dé cap nhat trong sd.
learning_rate le-3 Adam Tbc do hoc, quyét dinh muc do cdp nhat trong $6.
sparse ) .
loss categorical | model.compile Ham mat mat cho bai toan phan loai nhieu 16p
crossentropy
metrics accuracy model.compile Thudc do hiéu suét trong qua trinh huén luyén.

Trong qué trinh huan luyén trén tap kiém thir (hinh 7), mé hinh 1IDCNN-BiGRU cho két
qua vugt trdi: do chinh xdc nhanh chong vugt 90% tur sau khoang 15 budc 1dp va duy tri on
dinh quanh 92% - 95%; d@)ng thoi d6 mat mat thép nhét (khoang 0,30-0,35) va bién dong nho,
phan anh nang lyc khai quat tdt. Mat khac, md hinh IDCNN hoi tu 6n dinh nhung som dat
trang thai hoi tu ¢ d6 chinh xac thép hon (khodng 84%—86%) v&i do mat mat khoang 0,45—
0,55, cho thdy mé hinh nam bat tot dic trung cuc bd nhung han ché ¢ phu thudc thoi gian dai.
BiGRU kém nhat: chinh xé4c chi gan 82%86% va dao dong manh; do mat mét cao gan 1,2-1,8
va nhiéu dinh, biéu hién hoc cham, nhay siéu tham s va kho trich chon dic trung cuc bo khi
khong c6 IDCNN hd trg.

D6 chinh xac trén tap kiém thir \ 00 Do mat mat trén tap kiém thee

0,9 : - :H,

0,8 0,7 —
07 T
. 06 50;5
0,5 E o4
' 04 J gY

I"]I:a — | DN 02

O|2 ‘JI : Tli‘t:ll\l-u:l'-lcl. l

0 20 40 60 80 100 0 20 40 60 80 100
Bucc lap Buéc lap

Hinh 7. Biéu db d6 chinh x4c va mat mat trén tap kiém thur.

Dé danh gia tryc quan kha nang tach 16p cua cac biéu dién dic trung, nghién ctru ndy ap
dung phuong phap danh gia nhing lang giéng ngau nhién véi phan phdi t (t-distributed
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Stochastic Neighbor Embedding - t-SNE) nham dé kiém tra hién tuong chong I:éln cum va muc
do phan cum gitra céc mo hiqh. MGt sO hinh anh t-SNE cua 3 mo6 hinh duoc thé hién & hinh 8-
9 sau cac budc 1ap dau va cuoi.

Trirc quan hQa t—_SNE— Trwrc quan hoa t-SNE-BIGRU Trwrc quan hoa t-SNE-
1DCNN (Burgre lap 0) 10 (Budrc I3p 0) 0 1DCNN-BiGRU (Blu'dfc 1&p 0) 10
o 10 y . y
i g 1o 1 SO R ; 8
%5 : (% 5 ' (% 5 .
c 6 b = A T c
£ o o 5 3 °2 5o "2
f:}' “a 4 Z e =z 2 - =
§° 2 ¢+ 2 4
= c 5 c -h
=0 2 ] @
15 “ S _ 2 £ 2
- : iy 10 ’ u -10 u
06 0 5 1015 45-10 5 0 5 10 15 0 40 5 0 5 10 0
Thanh phan t-SNE1 Thanh phan t-SNE1 Thanh phan t-SNE1
Hinh 8. Biéu d6 truc quan hoéa t-SNE ctia 3 mé hinh sau budc 1ap 0.
True quan hoa t-SNE-1DCNN Trgc quan hoa t-SNE- Truc quan hoa t-SNE-
(Budrc lap 99) BiGRU (Budc lap 99) BIGRU (Budc lap 99) 10
10 Y 10
10 o ~ 7.5
o ; g wlo 8 Y50 8
Z 5 = » N
[0} -~ 9 5 . - £ 25 6 S
oL 6.5 ¢ " 6 £ 0 z 2
'(% 0 . c B - = = v
s z £, ) Z §-25 )
S 4 = : 4 = 3 | 4
£ 5 = e o £ 50
& T 5 . £-75 2
£ -10 | \ 2 = o & 2 -10 i 0
15 L . - | 10 5 0 5 10 15
1510 5 0 5 10 0 05 0 5 0 ° Thanh phan t-SNE1
Thanh phan t-SNE1 Thanh phén t-SNE1

Hinh 9. Biéu d truc quan hoa t-SNE ciia 3 mé hinh sau bude lp 99.

Qua hai mdc bude lap 0 va 99, biéu d6 t-SNE cho thay 1DCNN-BiGRU tao duoc biéu
dién phan cum nhét: cdc cum cing mau ngdy cang c¢o dic, ranh gidi 1d va rong, nhidu ndi cum
nho; 1DCNN dat mirc phan nhoém kha sau 99 bude 13p nhung van con chdng lan gitta mot s6
16p, phan 4nh viéc nim bét dic trung cha yéu ¢ muc cuc bd; trong khi BiIGRU gitt phan b roi
rac va lan téa, phan cum kém c6 dic, xen lan déng ké - d4u hiéu cua biéu dién chua on dinh.
Tinh bén viing theo thoi gian hoc ciing tot nhat & mo hinh lai (hinh dang cum it bién dang),
IDCNN cii thién cham, con BiGRU bién thién that thuong.

DPé minh hoa hiéu nang trén tap kiém thur, chung t61 st dung ma tran nham lan (hinh 10).
Trong ba mé hinh, IDCNN-BiGRU hoat dong tot nhat c6 duong chéo chinh, cac 6 ngoai duong
chéo rat nho va thua, hau hét nhan dat sb du doan dung cao (khoang 21-25 diém), chi con nham
13n nhe & cac nhan 5, 6, 8 va 9 voi 1-2 diém. Trong khi d6, IDCNN dtng thir hai, van duy tri
duong chéo rd nhung xuat hién cac cum nham lan dang ké & nhdn 1, 6 va 10 1én dén 3-4 diém,
cho thidy mé hinh chu yéu bét dugc dic trung cuc bd, kém ving & phu thudc thoi gian dai.
BiGRU kém nhét véi 18i phan tan rong khip, nhiéu 6 ngoai duong chéo co gia tri 2—4, phan
anh biéu dién tuin tu chua du manh khi thiéu trich chon dac trung cuc bd
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1DCNN - Ma tran nham Ian trén tap kiém thir BiGRU - Ma tran nham Ian trén tap kiém thir
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Nhan du doan
Hinh 10. Ma trin nham 1an trén tap kiém thir duoc huin luyén boi 3 mo hinh.

Ngoai ra dé danh gia dinh luong, chung toi so sanh hiéu nang ctia mé hinh két hop véi cac
mo hinh don 1é trén tap kiém thir (bang 4) str dung cac thudc do suy ra tir nhidn chuan (ground
truth) duwa theo két qua thu dugc tir ma tran nham 1an theo cac cong thirc (6)—(9).

recision = l (6)
P TP + FP
TP (7)
l=——
e = TP T EN
2 X recall X precision
f1 — score = P ®)

recall + precision

TP + TN )
TP + TN + FP + FN

accuracy =

Trong d6: precision do ty 1¢ du doan duong ma ding, recall do mirc bao phu cic miu
duong thuce, f1 — score 1a chi s6 can bang giita precision va recall va accuracy 1a 1a ty 1& du
doan dung trén toan bo mau. Ngoai ra, TP, TN, FP, FN lan lugt 1 s6 mau duong dung, 4m dung,
duong gia, am gia.
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Bang 4. Két qua huan luyén ctia 3 md hinh trén tap kiém thu.

1DCNN BiGRU 1DCNN-BiGRU
Nhan  precision recall fl-score precision recall fl-score precision recall fl-score

0 0,750 1,000 0,857 0,875 1,000 0,933 0,913 1,000 0,955
1 0,952 0,833 0,889 1,000 0,833 0,909 0,958 0,958 0,958
2 1,000 0,667 0,800 0,944 0,630 0,756 0,862 0,926 0,893
3 0,952 0,800 0,870 0,741 0,800 0,769 0,955 0,840 0,894
4 0,842 0,889 0,865 0,654 0,944 0,773 1,000 0,944 0,971
5 0,703 0,963 0,813 0,821 0,852 0,836 0,962 0,926 0,943
6 0,923 1,000 0,960 0,706 1,000 0,828 0,960 1,000 0,980
7 0,909 0,588 0,714 1,000 0,765 0,867 0,889 0,941 0914
8 0,690 0,741 0,714 0,947 0,667 0,783 1,000 0,926 0,962
9 0,786 0,846 0,815 0,846 0,846 0,846 0,923 0,923 0,923
10 0,957 0917 0,936 0,920 0,958 0,939 0,920 0,958 0,939
accuracy 0,842 0,838 0,939

Tir bang 4, c6 thé thy két qua nhat quan voi danh gia dinh tinh trudc d6, qua d6 khing
dinh wu thé cia IDCNN-BiGRU két hop k¥ thuat AUG vuot troi rd rét so véi IDCNN va
BiGRU véi accuracy téng thé dat 0,939 (so véi 0,842 va 0,838). Vi chi sb f1-score, md hinh
dé xuét ndi bat & nhan 4, 6, 8 16m 0,96, véi chi precision dat 1 & cac nhan 4 va 8, va chi sb recall
t6i da & nhan 0 va 6. Trong d6, IDCNN c¢6 diém manh & nhan 6 va 10 nhung nham 14n ¢ nhin
7 va 8 BiGRU cén bang hon 1DCNN ¢ mét s6 nhan (0,1,10) nhung recall thap ¢ 2, 3, 8 (fl-
score chi 0,756-0,783).

Cubi cung, do hi€éu qua cua mo hinh con dugc danh gia qua d chinh xac va do mat mat
duoc thé hién trong hinh 11. C6 thé théy mé hinh dé xuét hoat dong tdt nhat, véi do chinh xéac
cao nhat 12 93,9% va d6 mat mét thap nhat 1 0,206 trén tap kiém tra. Mit khac, moé hinh don
1¢ IDCNN va BiGRU c6 hi¢u suat thdp hon dang ké, voi mo hinh BiGRU dat d6 chinh xac 1a
83,8% va d6 mat mat cao nhat 1a 0,868, va mo hinh IDCNN c6 do chinh xac 1a 84,2% va do
mat mat 0,430. Diéu nay cho thay rang mé hinh BiGRU hoc tbt cic mbi quan hé tuan ty, nhung
it hiéu qua hon khi khong duoc két hop véi cac 16p tich chap. Su khac biét dang ké vé d6 mat
mat va d chinh xéc giita cac mo hinh ciing cho thdy tim quan trong ciia viéc chon dung kién
tric mod hinh dé t6i wu héa hiéu suat trén cac tap dir liéu phuc tap.

1,000
0.900
0.800
0.700
0.600
0.500
g:‘s‘gg ® D6 chinh x4c
0,200 B D6 mat mat
0.100
0,000 IDCNN
IDCNN BiGRU oy
D6 chinhxac 0,842 0.838 0.939
D6 mat mat 0.430 0.868 0.206

Hinh 11. B chinh xac va mat mat ciia cac mo hinh.
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5. KET LUAN

Nghién ctru ndy ap dung DL cho chuan doan hu hong két cdu cau gian thép. Tir cac két qua
thu duoc, co6 thé rut ra cac két luan chinh nhu sau:

- M6 hinh IDCNN-BiGRU két hop k¥ thuat AUG 1a mo hinh t6i wu nhét cho bai toan
phan loai v6i do chinh xac cao nhat 93,9% va d§ mat mat thép nhat (0,154) vuot trdi hon so voi
cac mo hinh khac nhu 1DCNN va BiGRU vdéi @6 chinh xac lan luot 1a 84,2% va 83,8%

- Su két hop gitra mo6 hinh hoc sdu BiGRU, 1DCNN va k¥ thuat AUG mang lai hi¢u sut
rat tot, qua d6 mé ra kha nang ung dung rong rai trong nhiéu linh vuc khac nhau, tir nhan dién
khuon mit dén du bao khi tugng nhd vao kha nang linh hoat va hiéu qua trong xur 1y dir liéu
phure tap. Diéu nay chung to rang viée két hop cac mo hinh c6 thé mang lai nhirng cai tién déang
ké trong hiéu suat.

- Pé nang cao tinh tmg dung thyc tién, cac nghién ctru trong twong lai s& tap trung mé rong
bd dir liéu bang cach mo6 phong céc loai hu hong da dang hon, bao gom hu hong dong thoi tai
nhi€u vi tri va cac co ché hu hong phi tuyén tinh.

- Hon nira, can tién hanh cac phan tich chi tiét vé hiéu suat ctia mo hinh trén cac tinh huong
thuc té, tir d6 c6 thé diéu chinh va ti wu hoa mo hinh mét cach hiéu qua. Viée tlep tuc cai tién
theo cac dinh hudng nay sé& gitp khai thac tdi da tiém nang cua cac mo hinh két hop, tién téi
viéc trién khai cac hé théng giam sat suc khoe két chu tu dong va hi¢u qua.
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